During cytokinesis in animal cells an actomyosin-powered cleavage furrow cleaves the cell into two daughters. The furrow is precisely positioned in space and time to ensure that each daughter is approximately equal in volume and contains an intact, single genome. It has long been recognized that the cleavage furrow initiates after anaphase onset and tends to cut through the plane defined by the metaphase plate. Our focus is on the positioning of the furrow. [@R16], [@R17] used elegant micromanipulation experiments in echinoderm eggs to show that the anaphase spindle transmits a spatially restricted signal to the egg cortex, which is uniformly receptive to furrow induction during a defined cell cycle window ([Fig. 1A](#F1){ref-type="fig"}). Similar signaling occurs in somatic cells, and spindle-to-cortex communication during cytokinesis is perhaps the most famous example of spatial communication between two parts of the same cell. Rappaport showed that the signal propagates outward from the anaphase spindle at a rate of 6--7 μm/min and involves the concerted action of the pair of microtubule asters that emanate from the poles of the spindle, which we will call sister asters. He and others considered models where the aster pair promotes contractility at the equator ("equatorial stimulation") or inhibits it at the poles ("polar relaxation"). Part of Rappaport's evidence supporting that the signal is transmitted by a pair of asters came from a famous micromanipulation experiment where asters from two different spindles were brought into proximity during anaphase, whereupon they induced an ectopic furrow ([Fig. 1B](#F1){ref-type="fig"}). This experiment also showed that chromatin is not required for spindle-to-cortex communication in some systems.

Here, we will consider spindle-to-cortex communication in frog eggs and focus entirely on equatorial stimulation, because there is currently little evidence for polar relaxation in frog eggs. Given the molecular conservation of cell division proteins in general, there is every reason to expect that frog eggs use the same molecules and mechanisms to signal from the spindle to the cortex as echinoderm eggs and somatic cells. However, their emergent behavior may differ in interesting ways. For example, classic observations in polyspermic frog eggs showed that furrows are only induced between asters that emanate from the same spindle and are not induced between spindles ([Fig. 1C](#F1){ref-type="fig"}; [@R1]; [@R8]). This suggests a role for chromatin in spindle-to-cortex communication, which we explore below.

Frog eggs are also huge. The *Xenopus* eggs we study are \~1.2 mm in diameter, more than 10 times the size of the Rappaport's echinoderm eggs. The distance between the first metaphase spindle and the nearest cortex is \~500 μm in *Xenopus laevis*, and the time interval between anaphase onset and ingression of the first furrow is \~30 min. These large spatial and temporal scales likely require special adaptation of the conserved mechanisms that mediate spindle-to-cortex communication, and might make it easier to observe the relevant molecules in action. *Xenopus* eggs are opaque because of distributed yolk platelets and lipid droplets, which makes live imaging of the intact egg difficult. To get around this problem, we either image fixed and stained eggs in a high refractive index clearing solvent or used a cell-free extract system that reconstitutes the microtubule and actin organization characteristic of cytokinesis ([@R15]; [@R5]).

ASTER GROWTH AND RECRUITMENT OF FURROW-STIMULATING COMPLEXES {#S1}
============================================================

The first metaphase spindle is much smaller than the egg in *X. laevis* ([Fig. 2A, A′](#F2){ref-type="fig"}). Its position and orientation are determined by dynein-dependent forces actin on the sperm aster before nuclear envelope breakdown ([@R23]). At anaphase onset, a pair of huge sister asters grow progressively outward from the poles of the spindle, reaching the cortex \~30 min later ([Fig. 2B, C](#F2){ref-type="fig"}). The microtubules in these asters appear "bushy," and their density at the aster periphery remains approximately constant as the aster grows ([Fig. 2B--D](#F2){ref-type="fig"}). Egg extract experiments suggest this morphology is due to the aster being built of a network of short microtubules mostly nucleated away from the centrosome ([@R11]). Furrowing initiates when the asters touch the cortex, consistent with spindle-to-cortex communication occurring via aster growth. Treatment of eggs with nocodazole, which inhibits microtubule polymerization, completely blocks furrowing ([@R7]).

A characteristic feature of sister aster pairs in fixed *Xenopus* eggs is the presence of a sharp boundary between the asters where the microtubule density is lower ([Fig. 2B--D](#F2){ref-type="fig"}). The boundary region contains microtubule bundles that we interpret as antiparallel overlaps ([Fig. 2E](#F2){ref-type="fig"}). It defines a plane at the center of the egg that extends to the cortex, and predicts the path that the furrow will later follow as it ingresses. Because sister asters grow symmetrically from the poles of the spindle, the boundary plane between them coincides with the plane previously occupied by the metaphase plate. Therefore, radial growth of the boundary plane between asters provides a structural mechanism for propagating information on the localization of the metaphase plate to the cortex. As the asters grow, the boundary between them remains at the midplane of the egg while the centrosomes and nuclei at their centers move apart, so they are approximately centered in between the midplane and the cortex by the time the furrow ingresses ([@R23]; [@R14]). This centering movement ensures that the furrow will cut between the separating nuclei and also positions the centrosomes for the next round of mitosis and cleavage. Prepositioning of centrosomes for the next round of cleavage is evident in the tubulin image, [Figure 2D](#F2){ref-type="fig"} (3× inset), where the two centrosomes within each aster have moved to the center of the half-cell and split apart parallel to the boundary between the asters. After first cleavage, each centrosome pairs will establish a second mitotic spindle on this axis, which will cause the second furrows to cleave orthogonal to the first. We hypothesized that this prepositioning of centrosomes was accomplished by dynein pulling on astral microtubules ([@R23]).

To understand how the boundary between sister asters instructs cleavage furrow assembly, we localized conserved cytokinesis proteins that are known to have this function in other system. Two conserved microtubule binding complexes, chromosome passenger complex (CPC) and centralspindlin, promote furrow assembly in somatic cells. CPC is a 1:1:1:1 complex of AURKB, INCENP, borealin/dasra/CDCA8, and survivin/BIRC5 ([@R19]). In *Xenopus* eggs, CDCA8 is replaced by the egg-specific ortholog Dasra2/CDCA9 ([@R20]). The AURKB subunit of the CPC is a multifunctional kinase that promotes autophosphorylation and autoactivation of the CPC when it clusters on chromatin or microtubules. CPC is transported to microtubule plus ends by MKLP2/Kif20A, where it is thought to activate other cytokinesis proteins including centralspindlin ([@R6]). Centralspindlin is a 2:2 complex of RACGAP1 and MKLP1/KIF23. It is transported to plus ends by its intrinsic kinesin activity and functions to activate RhoA and contractility ([@R22]; [@R13]). Both CPC and centralspindlin accumulate on antiparallel microtubule bundles at the boundary between sister asters in frog eggs, defining a disc between the asters that will trigger the furrow when it touches the cortex ([Fig. 2D, E](#F2){ref-type="fig"}). We believe that this CPC-centralspindlin-positive disc between the asters, which initiates at anaphase and then grows with the asters, mediates spindle-to-cortex communication in frog eggs.

ONLY ASTER PAIRS FROM THE SAME SPINDLE RECRUIT CPC AND CENTRALSPINDLIN {#S2}
======================================================================

In polyspermic frog eggs, only aster pairs from the same spindle triggered furrows ([Fig. 1C](#F1){ref-type="fig"}). We repeated this classic experiment and stained for CPC and centralspindlin. [Figure 3](#F3){ref-type="fig"} shows polyspermic eggs fixed at different times between first anaphase and first cleavage. CPC and centralspindlin were recruited to the boundary plane between asters from the same spindle but not to planes where asters from different spindle met. Recruitment of CPC is better visualized, in part because it is more abundant in eggs ([@R4]). These images also provide a clear view of the growth of the furrow-simulating plane between sister asters, starting as a small disc making the plane previously occupied by the metaphase plate, then growing outward normal to the axis of chromosome separation. These observations provide a molecular explanation for the classic observation that only aster pairs from the same spindle induce furrows in frog eggs, but they prompt the question of why only these asters pairs recruit furrow-simulating complexes to their shared boundary. This could be due to the presence of chromatin at anaphase, timing differences in when the asters meet, or other factors. This selectivity is not absolute and can be overridden by experimental perturbation. Artificially boosting CPC activation with an injected antibody, reducing the distance between asters by highly polyspermic fertilization, or stabilizing microtubules with paclitaxel all triggered indiscriminant recruitment of CPC to aster boundaries independent of their origin ([@R4]). Evidently, the requirement that the two spindles originate from the same spindle to induce furrows only holds under normal conditions.

The CPC was discovered by [@R3], and named to reflect its localization to chromatin in metaphase and midzone microtubule bundles in anaphase--telophase. They proposed that the CPC was transported to the metaphase plate by chromosomes, where it later instructs the furrow. This model was questioned by experiments showing that the CPC can be recruited to microtubule bundles between spindles in somatic cells ([@R21]) in a somatic cell version of [Figure 1B](#F1){ref-type="fig"}. The apparent chromatin requirement for CPC localization in polyspermic *Xenopus* eggs ([Fig. 3](#F3){ref-type="fig"}) triggered our interest in testing if proximity to chromatin could stimulate formation of aster boundaries with furrow-inducing potential in an egg extract system.

RECRUITMENT OF CPC AND CENTRALSPINDLIN TO ASTER BOUNDARIES IN EGG EXTRACT {#S3}
=========================================================================

We turned to an actin-intact egg extract system to probe how the boundary region between asters forms, grows, accumulates CPC and centralspindlin, and signals to the cortex. [Figure 4A](#F4){ref-type="fig"} shows a typical experiment where the extract was squashed to a \~20-μm deep layer between two passivated coverslips, illustrating aster growth and recruitment of CPC to a boundary between asters. Centralspindlin localized in a similar manner ([@R15]). CPC recruitment to aster boundaries was stimulated by low concentrations of paclitaxel or inhibition of the catastrophe factor MCAK, suggesting that microtubule stabilization plays a role in CPC recruitment ([@R4]). To probe how CPC is recruited we used total internal reflection fluorescence (TIRF) microscopy on reactions similar to [Figure 4A](#F4){ref-type="fig"}. We observed individual CPC aggregates moving toward microtubule plus ends and accumulating at the aster boundary. [Figure 4B](#F4){ref-type="fig"} shows kymograph analysis of the movement, in which the red line in the first panel traces the center of the boundary region. Note multiple CPC aggregates moving inward. This movement required two plus end--directed kinesins, Kif20A and Kif4. When Kif20Awas depleted, we observed no CPC recruitment to microtubules, consistent with a central role of this kinesin, which is also called MKLP2, in CPC recruitment ([@R15]). This observation is consistent with a Kif20A/MKLP2 requirement for CPC localization to midzones in somatic cells ([@R6]). Removal of Kif4A, which is involved in microtubule length regulation in midzones ([@R10]), still allowed CPC accumulation as boundaries between asters but appeared to block the active transport we could visualize ([Fig. 4B](#F4){ref-type="fig"}). In more complex experiments designed to reconstitute signaling to the cortex, we layered extract over a supported lipid bilayer and observed recruitment of RhoA.GTP to the bilayer in proximity to CPC recruited to boundaries between asters, showing that the extract system can fully reconstitute spindle-to-cortex signaling ([@R15]).

Chromatin was not required for assembly of CPC- and centralspindlin-positive zones between asters in the extract system ([Fig. 4A](#F4){ref-type="fig"}). However, in the absence of chromatin there was a delay between aster--aster contact and CPC recruitment, and only a subset of aster boundaries recruited CPC. CPC recruitment to zones between asters was greatly enhanced by artificially stabilizing microtubules or activating the CPC ([@R4]). These observations suggested chromatin might promote CPC recruitment to aster boundaries if it was present.

To test if chromosomes could stimulate CPC recruitment, as we suspect occurs in eggs, we nucleated asters from permeabilized sperm nuclei with attached centrosomes. We followed the growth of isolated sperm and noted that, as they grew, they usually accumulated CPC on a crescent-shaped region of the aster periphery ([Fig. 4C](#F4){ref-type="fig"}). When this CPC-positive crescent formed it always did so on the side of the aster closest to the sperm chromatin. The chromatin is visible as a blue dot in the color panels and is shown more clearly by the Dasra probe alone in the last panel. CPC was recruited, in a chromatin-polarized manner, to unipolar microtubules bundles at the aster periphery in this experiment. Polarized recruitment of CPC to the periphery of monopolar asters was observed previously during monopolar cytokinesis in tissue culture cells ([@R2]; [@R9]). In that system, CPC and centralspindlin are recruited during anaphase to the side of a monopolar microtubule array that is closest to chromatin, and a partial furrow is later induced on the CPC-positive side.

In the extract monopolar system, CPC was first recruited to the aster periphery around the time when the aster periphery was growing past chromatin ([Fig. 4C](#F4){ref-type="fig"}, 9 min). As asters grew out further, CPC-positive crescents persisted and tended to expand radially (see the upper aster in [Fig. 4C](#F4){ref-type="fig"}). By the end of the experiment, the CPC-positive crescent at the aster periphery was \>100 μm from the nearest chromatin, spanned more than half that aster circumference, and contained much more CPC that was present when it initially formed close to chromatin. These observations do not support a simple chromosome passenger model, because the amount of CPC present at the aster periphery at late times is much larger than that which could have been initially recruited from chromatin. CPC recruitment to aster boundaries far from chromatin in frog eggs also seems inconsistent with a chromosome passenger model. Rather, we prefer a model where proximity to chromatin triggers initial formation of a CPC-positive crescent, and, once formed, this crescent persists, grows and recruits more CPC, all independent of chromatin.

DISCUSSION {#S4}
==========

Putting together our observations in eggs and egg extract, we propose the model shown in [Figure 5](#F5){ref-type="fig"}. [Figure 5A](#F5){ref-type="fig"} illustrates an early stage in propagation of a spatial signal from the anaphase spindle toward the cortex, where directional arrows and estimated location of chromatin are superimposed on a late-anaphase spindle taken from the earliest time point in [Figure 3](#F3){ref-type="fig"}. The arrows indicate chromatin movement (blue), aster growth (green), and growth of the CPC-positive disc of microtubule bundles (red). This disc expands normal to the axis of chromosome movement, and thus transmits information on the position of the metaphase plate outward toward the cortex. [Figure 5B](#F5){ref-type="fig"} illustrates working models for the molecular subprocesses involved in generation, growth, and action of the CPC-positive disc. It initiates in the anaphase spindles at antiparallel microtubule close to chromatin, in an update of Earnshaw's classic chromosome passenger model. CPC is recruited to metaphase chromatin in *Xenopus* eggs by binding of its BIRC5/survivin subunit to histone H3 T3 phosphosites that are generated by haspin kinase ([@R12]). We hypothesize that haspin-dependent recruitment of CPC to chromatin is important for the chromatin-to-microtubule handoff during anaphase. Once initiated, the CPC-positive disc grows laterally as the asters grow radially. Reactions involved in growth of the disc likely include lateral recruitment of microtubules from the growing asters by bundle formation, CPC recruitment from solution both directly and via KIF20A-mediated microtubule transport, CPC autoactivation by proximity-driven autophosphorylation, and perhaps direct CPC aggregation. When the disc of CPC-coated microtubule bundles reaches the plasma membrane, it triggers furrow assembly by some combination of CPC and centralspindlin stimulation of conserved furrow assembly pathways.

The model in [Figure 5](#F5){ref-type="fig"} provides a preliminary structural and molecular basis for Rappaport's spindle-to-cortex communication in frog eggs. The signal consists of a disc-shaped array of CPC and centralspindlin-coated antiparallel microtubule bundles that grow out from the spindle to the cortex by a combination of aster growth and CPC-powered self-organization. In frog eggs, aster boundaries that lack the initial trigger from chromatin do not acquire aster-inducing potential ([Figs. 1C](#F1){ref-type="fig"}, [3](#F3){ref-type="fig"}), though they do in echinoderm eggs ([Fig. 1B](#F1){ref-type="fig"}). The model in [Figure 5](#F5){ref-type="fig"} model makes testable predictions---for example, that we could remove chromatin once the self-organizing CPC-positive disc is established. It poses many unanswered questions at the molecular level---for example, how chromatin triggers the initial assembly of the CPC-positive disc, and how the disc grows by recruiting more microtubules and CPC.

Our focus in investigating the Rappaport signal from spindle to cortex has been on the role of the CPC, whereas others have focused on centralspindlin ([@R13]). The CPC is more abundant than centralspindlin in frog eggs (\~100 nM vs. \~25 nM) ([@R24]), and in our experiments appears to enrich more on microtubules. The CPC plays a major role in organizing microtubule bundles between asters in egg extracts, whereas depleting the Kif23 subunit of centralspindlin had little effect ([@R15]). However, in other systems centralspindlin plays a central role in stimulating RhoA activity at the cortex and inducing furrows. Both complexes are clearly important for spindle-to-cortex communication, although their precise functions differ, as may their relative importance in different systems. Spindle-to-cortex communication has to propagate over an unusually large distance in frog eggs, which might explain their greater reliance on CPC. In particular, the propensity of CPC to auto-activate and aggregate may help the signal travel hundreds of microns. An interesting future question is how the CPC auto-recruitment system is tuned in frog eggs (but not echinoderm eggs) such that the CPC-positive state spreads robustly away from chromatin along antiparallel microtubule bundles, yet does not emerge spontaneously among similar bundles when they are formed between asters that were not part of the same spindle.
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![Spindle-to-cortex communication in different systems. (*A*) In most animal cells the spindle sends a signal to localize the cleavage furrow, which then cuts through the cell in the plane defined by the earlier metaphase plate. (*B*) In mechanically deformed echinoderm eggs, aster pairs trigger furrows whether they grow from the same or different spindles. This shows that chromatin is not essential to general the furrow signal. (*C*) In polyspermic frog eggs, only aster pairs from the same spindle trigger furrows. These images are drawn from sections of fixed frog eggs after polyspermic fertilization. The *left* egg was fixed before first mitosis illustrating five sperm asters. Black trails mark the path of the sperm as it moves into the cytoplasm after entering the egg. The *right* egg was fixed during first cleavage. It illustrates cleavage with five spindles, where each furrow cuts through the sites previously occupied by a metaphase plate. Note the lack of furrows between spindles, unlike the Echinoderm system. (*B*, Redrawn from [@R18], with estimated chromatin localization added in blue; *C*, modified from [@R1].)](nihms929309f1){#F1}

![Aster growth and recruitment of furrow-stimulating complexes in *Xenopus laevis* eggs. Images are confocal sections viewed with the animal--vegetal axis in the microscope *z*-axis. The first cleavage furrow cuts through the animal pole, parallel to the *z*-axis in these images. (*A*, *A*′) Egg fixed \~60 min after fertilization, at metaphase of first mitosis. Note the spindle is small compared to the egg. (*B*, *C*) Eggs fixed \~70 and \~80 min after fertilization, between first anaphase and first cleavage. Note aster pairs grow out from the poles of the spindle and meet at the midplane. Each aster is dome-shaped, with a sharp plane of lower microtubule density where they meet. In cross section this geometry appears as two D-shaped asters arranged back-to-back with a line between them. (*D*) Egg fixed at cleavage initiation, \~90 min after fertilization. The asters are just touching the cortex at the animal pole. AurkB is a subunit of the CPC; Kif23 is a subunit of centralspindlin. Both furrow-stimulating complexes are enriched at a disc between the asters that marks the future path of the cleavage furrow. Note the centrosomes are already positioned for the second round of mitosis and cleavage that will occur orthogonal to the first (3× *inset* in tubulin panel). (*E*) Higher-magnification view of the boundary region between asters. Note the CPC localizes to the center of presumably antiparallel microtubule bundles. (*A*--*C*, Modified, with permission, from [@R14]; *D*, modified, with permission, from [@R4]; *E*, TJ Mitchison and CM Field, unpubl. data.)](nihms929309f2){#F2}

![Furrow-stimulating complexes in polyspermic *Xenopus laevis* eggs. Eggs fixed at successive times between first anaphase and first cleavage, with confocal sections oriented as in [Figure 2](#F2){ref-type="fig"}. Cleavage has just initiated at the animal pole in *C*. The eggs in *A* and *B* were fertilized with two sperm and in *C* with four, but asters are only visible for three. Note recruitment of CPC and centralspindlin to a subset of boundaries between asters in *B* and *C*. In *B*, the aster morphology shows that the CPC-positive boundaries are between asters from the same spindle. In *C*, we infer the same is true given classic evidence that furrows cut through spindles in frog eggs and not between them ([Fig. 1C](#F1){ref-type="fig"}). (Modified, with permission, from [@R4].)](nihms929309f3){#F3}

![Recruitment of CPC to aster boundaries in egg extract. Actin-intact extract from unfertilized eggs was supplemented with imaging probes, converted to interphase with a calcium transient, and squashed between passivated coverslips. (*A*) Widefield imaging of asters nucleated by anti-AurkA coated beads. CPC was visualized with anti-AurkB. Note recruitment of CPC to antiparallel bundles at the boundary between asters. (*B*) Total internal reflection fluorescence (TIRF) imaging of CPC movement in reactions similar to *A*. Movies were recorded at CPC-positive boundaries between asters, and kymograph analysis was used to visualize movement of CPC aggregates. The pink line denotes the center of the boundary region. Diagonal streaks represent movement of CPC aggregates toward plus ends at \~15 μm/min. CPC recruitment to microtubules depended on an egg ortholog of Kif20Awe called Kif20AE, and movement depended on Kif4A as shown by this depletion-add back experiment. (*C*) Widefield imaging of asters nucleated by sperm centrosomes. CPC was imaged with GFP-DasraB. Note formation of polarized monopolar asters with CPC recruited to a crescent at the periphery. The CPC-positive crescent always formed on the chromatin-proximal side of asters and usually expanded radially as the asters grew. (*A*, *B*, Modified, with permission, from [@R15]; *C*, modified, with permission, from [@R4].)](nihms929309f4){#F4}

![Working model for spindle-to-cortex communication in frog eggs. (*A*) Late-anaphase spindle morphology, shortly after initiating spindle-to-cortex communication. The spindle image is taken from the earliest time point in [Figure 3](#F3){ref-type="fig"}. Arrows indicate directions of movement/growth. Note that the furrow-stimulating CPC-positive disc (red arrows) grows outward on a plane orthogonal to the axis of chromosome separation (blue arrows). (*B*) Models for the molecular events involved in triggering formation of the CPC-positive disc near chromatin (*left*), growing it outward (*middle*), and signaling to the cortex (*right*).](nihms929309f5){#F5}
